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The exciton landscape in transition metal dichalcogenides is crucial for their opti-
cal properties and difficult to measure experimentally, since many exciton states are
not accessible to optical interband spectroscopy. Here, we combine a tuneable pump,
high-harmonic probe laser source with a 3D momentum imaging technique to map
photoemitted electrons from monolayer WS2. This provides momentum-, energy- and




























resolution of the setup allows us to trace the early-stage exciton dynamics and the
formation of a momentum-forbidden dark KΣ exciton a few tens of femtoseconds after
optical excitation. By tuning the excitation energy we manipulate the temporal evolu-
tion of the coherent excitonic polarization and observe its influence on the dark exciton
formation. The experimental results are in excellent agreement to a fully microscopic
theory, resolving the temporal and spectral dynamics of bright and dark excitons in
WS2.
Introduction
The unique optical properties of transition metal dichalcogenides (TMDCs) are governed by
strongly bound excitons.1–4 Spin-orbit coupling and strong Coulomb interactions between
excited electrons and holes result in a variety of possible exciton states. The constituting
single-particle states can be distributed all over the Brillouin zone,5–7 which results in many
possible bound states with non-zero center of mass momentum. These momentum-forbidden
dark excitons are inaccessible by most optical techniques which rely on direct interband
transitions. The prediction of electron and hole location in momentum space is difficult, not
only due to subtle energy differences among valleys but exciton binding energies are also
subject to the effective mass of bands. Therefore, even small differences in the electronic
structure of similar TMDC materials have a strong impact on their exciton landscape and
as a result on the optical properties.8
While dark excitons and their formation have been studied in great detail theoreti-
cally,5,7,9–13 they were difficult to access experimentally. The first clear direct evidence for
excitons that are forming outside the light cone came from visible pump, mid-infrared probe
experiments that address the intra-excitonic transitions.14–16 Yet, an experimental technique
which provides momentum information is highly desirable. It would allow for unambiguous
assignment of the constituting single-particle states and disentanglement of exciton species,
whose excitations are close or overlapping in energy.
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Such information can be obtained by time- and angle-resolved two-photon photoemission
(2PPE or trARPES).17–22 It allows to directly image ultrafast electron scattering in momen-
tum space.18,19,23,24 Many theoretical studies have been addressing the signature of excitons
in time-resolved photoemission.11,25,26 In addition, this signature and the related exciton dy-
namics have been described recently in a fully microscopic theory.27 Consistent with these
theories, the experimental evidence for an unambiguous exciton signal in 2PPE has been
found in Cu2O, where excitons are forming in the Brillouin zone center and are therefore ac-
cessible with standard laser systems.28 Among the semiconductor TMDCs, Tungsten-based
materials are predicted to host dark excitons with electrons located at Σ (sometimes also
referred to as Q or Λ) and K ′. Very recently, the observation of dark excitons by means of
trARPES with XUV photons has been reported in monolayer WSe2.
29 In this work, Madeo
et al. observe both exciton species, KK and KΣ, and their subsequent formation with rather
high energy resolution. However, the early formation dynamics could not be fully resolved
due to pulse lengths exceeding 150 fs.
Here, we use a high-repetition rate laser system which offers tuneable sub 50 fs visible
pump pulses and even shorter XUV probe pulses, generated by high laser harmonics.30 To
study the early stage dynamics of exciton formation, where coherence effects play a significant
role, such short laser pulses are necessary.31 We make use of the high-temporal resolution and
the tuneability of our laser system around the excitonic resonances, to investigate the dark
exciton formation in WS2 on timescales of few tens of femtoseconds, and compare it to a fully
microscopic theory. Our time-of-flight momentum microscope32,33 allows for simultaneous
imaging of the entire photoemission horizon, while restricting the photoemission signal to a
30 µm size spot. This allows for efficient background suppression from illuminated substrate

























Figure 1: Experimental scheme. (a) Optical excitation and subsequent formation processes
of momentum-forbidden excitons in WS2. Solid lines depict the dispersion of free-particle
bands while the offset of dashed lines take into account the exciton binding energies. (b)
Schematic overview of the measurement principle. Pump and probe laser pulses impinge
on the sample temporally separated by a delay time td. Electrons are photoemitted from
the laser spot indicated by the yellow circle. An aperture at the intermediate first Gaussian
image plane restricts the detection of electrons from a smaller spot. The momentum plane
of the transmitted electrons is projected onto a time- and position sensitive detector. (c)
Real-space PEEM image taken with a photon energy of 4.8 eV and zoom-in at highest
magnification. The dotted yellow circle depicts the sample area which is selected by the
aperture. (d) Momemtum map of the occupied states of monolayer WS2 for binding energies
around the valence band maximum. The first Brillouin zone with the relevant high symmetry
points is overlayed.
Results and Discussion
Figure 1a shows the excitation scheme of the experiment together with the subsequent ex-
citon dynamics. Upon linear optical excitation, a coherent polarization between valence
and conduction band builds up in the K and K’ valley with opposite spin. It subsequently
dephases and thermalizes mainly by exciton-phonon scattering. Due to time-reversal sym-
metry, the energetic landscape of excitons with opposite spin configuration is degenerate
under simultaneous exchange of K and K’. Therefore, we will discuss in the following the
dynamics of excitons for only one spin configuration and refer to the other where necessary.
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Considering the coherent polarization in the K valley, an incoherent exciton population is
forming via phonon scattering not only in this valley but also in momentum-indirect exci-
tonic states with non-zero center-of-mass momentum with the electrons being located at Σ
or K’ points. As it is illustrated by the schematic band alignment, strong exciton binding
energies of momentum-indirect excitons KΣ and KK’ make them the energetically lowest
excitonic states in WS2.
We investigate exfoliated WS2 monolayer samples transferred onto a naturally oxidized
p-doped silicon wafer, as schematically depicted in Fig. 1b. Electrons are photoemitted by
XUV probe photons generated by high-harmonics. A custom-built time-of-flight momentum
microscope collects all emitted electrons with parallel momenta limited only by the photoe-
mission horizon and maps the real-space or momentum-space information by a PEEM-like
electron lens system onto a time- and position-sensitive detector. To unambiguously identify
the photoelectrons’ origin, we place an aperture within the magnified real-space image plane
inside the electron optical lens system, which restricts the measured signal down to a 30
µm area. Therefore, we identify in the first step a monolayer region in the real-space mode
as shown in Fig. 1c by illuminating the sample with light at a photon energy of 4.8 eV
which is close to the work function threshold (see Supporting Information for details). We
observe a strong contrast between substrate regions, which have a high-photoemission yield
at this laser wavelength and monolayer regions with lower signal. After placing the aperture
inside the homogeneous monolayer region, we switch the lens system behind the aperture
to project the momentum-plane onto the detector as shown in Fig. 1b. By simultaneously
deriving the kinetic energy of the electrons through a time-of-flight measurement, we obtain
a three-dimensional data set I(kx, ky, E) for each time step. In the energy slice around the
valence band maximum shown in Fig. 1d all six K,K’-points are visible at the Brillouin zone
boundary. The intensity modulation throughout the Brillouin zone is not only related to the
occupation of the bands but also to matrix element effects, which depend strongly on the
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EK = 150 meV
Figure 2: Momentum-resolved electron spectroscopy of dark excitons. (a) Momentum maps
of the unoccupied electronic states after optical excitation with pump pulses of hν = 2.03
eV for three selected delay times. The dashed rectangle indicates momentum slice for the
energy-momentum maps shown in (b). (b) Corresponding energy-momentum maps along
Γ − K showing both occupied and unoccupied states for the same delays. The intensity in
the unoccupied region is amplified by a factor of 500 with respect to the unoccupied region.
Dashed lines in the first panel indicate the integration region to obtain kxky-maps in (a). The
occupied part of the spectrum in the last panel is modified by a second derivative algorithm.
Thin solid lines indicate relative energy offset between the valence band maximum at K and
Γ. Dashed orange and blue lines in the last panel indicate the respective integration region
to obtain the energy distribution in (c). (c) Energy position of electron population in the
conduction band at K (blue curve) and Σ (orange). The position of the fit overlaps within
5 meV. (d) Energy gap between upper valence band and conduction band at K. The top of
the valence band position is determined by fitting the signal two gaussian functions.
For the time-resolved experiment, we excite the system with linearly polarized light at
photon energies resonant with the 1s A exciton. In Fig. 2 we show projections from the
3D dataset for three selected delay times, e.g. kx, ky-momentum maps for the unoccupied
states and energy-momentum maps along the Γ− K direction. As expected, we observe no
signal in the momentum maps at negative delay times. Close to the temporal overlap of
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pump and probe pulses a bright signal at the six K and K’-points appears. At this early
stage of the excitation the signal is dominated by a coherent excitonic polarization between
valence and conduction band minimum. A weak signal is also visible around Γ, which results
from non-resonant excitation far below unoccupied intermediate states at this momentum
location. Its signature is a replica of the valence band, shifted by the pump photon energy,
whose high energy tail is seen at the Fermi energy in the central panel of Fig. 2b. Since
no intermediate state is excited at this momentum location, it does not contribute to the
observed exciton dynamics and is only visible for delay times within the cross-correlation of
pump- and probe pulses. Just after temporal overlap of pump- and probe pulses, a signal
at the Σ points appears in the last panel of Fig. 2a. This clearly shows the consecutive
population of K and Σ when the sample is resonantly excited at the A-exciton energy and
is a clear signature of the delayed formation of a momentum-forbidden KΣ exciton after
optical excitation at K.
An obvious question regards the energy offset of the two excitonic states, which is crucial
for the formation of momentum-indirect states and their population dynamics. In the energy-
momentum maps in Fig. 2b, we observe the energetic position of both states separately.
While occupied bands are significantly broadened due to potential energy variation at the
oxidized silicon surface,36,37 the underlying electronic structure can still be retrieved by
applying a second derivative algorithm to the data as shown in the last panel of Fig. 2b. As
expected for monolayer WS2 samples we find the global maximum of the valence band at
K.38 By fitting two overlayed gaussian line profiles to the energy distribution curve at K we
retrieve an energy separation of 150 meV between the the upper valence band maximum at
K and Γ. We then determine the energetic position of the excited electron populations by
integrating over a restricted part of momentum space in the unoccupied part of the spectrum
around the two high-symmetry points K and Σ. We find no clear energy offset between them
with the difference in peak positions being less than 5 meV. This close vicinity agrees with
the observation, that the relative population between K and Σ does not change for longer
7
delay times (see Supporting information for longer delay times).
Figure 3: Ultrafast dark exciton formation. (a) Temporal evolution of momentum-dependent
electron intensity of the unoccupied states and projections to the time- and momentum axes.
Projections to the time axis were carried out by integration over ±0.2 Å−1 around the center
of each high-symmetry point. The unoccupied state signal is integrated in energy and along
all six high-symmetry directions Γ − K,K′ as indicated by dashed lines and Fig. 2a and b.
The small signal close to Γ at delay time td=0 fs in the experimental data stems from non-
resonant excitation without occupation of an intermediate state. (b) Theoretical calculation
of the time- and momentum-dependent electron density with same projections as in (a).
The identical energy positions of the excited electrons at K and Σ valleys indicates that
the observed photoelectrons actually originate from Coulomb correlated excitons. Single-
particle band structure calculations show, that the Σ-valley is located above the K-valley,7
which would prevent the electron transfer from K to Σ. High pump laser fluences could
in principle induce such transfer by band renormalization or electron-electron scattering.
However, this is not the case here, as we have confirmed by fluence dependent measurements
(see Supporting Information for fluence dependent measurements). Further evidence that we
observe an excitonic signal comes from the measurement of the gap ∆EK,K between valence
and conduction band at K as shown in Fig 2d. We derive a gap of 2.04 eV which is in
excellent agreement with our photoluminescense measurements from the same sample (see
Supporting Information for photoluminescense spectrum of this sample).
We now turn to the formation process of the momentum-forbidden KΣ exciton. An
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overview of the time-dependent population dynamics with a direct comparison to our fully
microscopic theory is shown in Fig. 3. The agreement between theory and experiment is
already evident in this overview, as the strong initial excitation at K is followed by a delayed
onset of the population at Σ in both cases. We emphasize, that time zero is precisely
determined within the experiment by non-resonant excitation, visible at Γ. In order to
study the formation process in detail, we extract the temporal evolution of both states by
integrating the electron signal at the respective momentum location.
The projections shown on the time vs. intensity axis in Fig. 3, are compared with the-
oretical calculations in Fig. 4. In this comparison it is important to consider that linear
polarized excitation leads to excitons with electrons and holes at both K and K’ valleys
simultaneously, resulting in symmetric configurations with opposite spin. The electron pop-
ulation at K then corresponds to the sum of exciton populations consisting of direct excitons
at K with spin up configuration and indirect excitons with holes at K’ and electrons at
K originating from the spin down configuration. Since excitons with opposite spin do not
interact on the short timescale of the experiment, the configurations with opposite spin are
exactly analogous. Thus we resolve only the excitation of the spin-up system and use the fact
that the spin-down K’K population is equal to the spin-up KK’ population. Thereby, the
decrease of the electron signal at K by dephasing of the coherent KK population is partially
compensated by the formation of incoherent K’K excitons (see Supporting Information for
the disentangled dynamics of both exciton species).
The dynamics of excitons are modeled quantum mechanically including exciton-light and
exciton-phonon interaction on microscopic footing.10 When the system is optically excited,
a microscopic interband polarization is generated. Subsequently polarization-to-population
transfer via exciton-phonon scattering takes place resulting in the creation of incoherent exci-
ton population. Both, the microscopic polarization and the exciton population contribute to
the electron population (see Supporting Information for details). The subsequent exponen-
tial decay is determined by the decay mechanisms, exciton-phonon scattering which transfers
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polarization to incoherent population as well as radiative recombination of excitons. This
is reflected in the longer-lived K population while the fast decay mainly corresponds to the
transfer to Σ.
On the initial stage of exciton formation the temporal evolution is governed by exciton-
phonon scattering, which becomes even more evident by comparing the two theoretical curves
in Fig. 4. Dashed lines correspond to a phonon-induced intrinsic linewidth of about 15 meV,
which has been calculated microscopically and is in agreement with former studies.39 The
solid lines in Fig. 4 show the calculated dynamics where electron-phonon coupling strength
was adapted to match the measured photoluminescense linewidth from our sample (see
Supporting Information for photoluminescense spectrum of this sample). In this case, the
agreement between theory and experiment is remarkable, which holds especially for the
build-up of the population at Σ. Apparently, there is an additional exponential decay in the
experimental signal at K that can probably be traced back to non-radiative decay channels.
A microscopic investigation of these scattering processes is beyond the scope of this work.
The temporal evolution of the coherent population is very sensitive to the photon energy
of the pump laser pulse. We show the impact of such tuning in Fig. 5, where we compare
the resonant case in the central panel with two measurements with photon energies above
and below the excitonic resonance. Off-resonant excitations result in the polarization almost
synchronously following the optical pulse and are visible by a faster increase and decay of
the K population as compared to resonant excitation. This is exactly what we observe in
the upper and lower panel of Fig. 5a. On the other hand, resonant excitation results in an
increase of the polarization until the end of the optical excitation. The clear shift of the
maximum in the case of resonant excitation in the central panel of Fig. 5a hints towards a
longer lived coherent polarization. As the decay mostly corresponds to the transfer to the Σ
excitons, the increase of the Σ populations follows the decrease of the coherent part of the K
population but delayed by a few 10’s of femtoseconds, as the overall population is conserved
on this short time scales. This results in a later onset of the Σ population for resonant
10






















Figure 4: Time evolution of electron occupation at K and Σ. Measured 2PPE signal at
both high-symmetry points and direct comparison to microscopic theory. Dashed lines rep-
resent calculations with electron-phonon coupling taken from.40 Solid lines are calculated
with stronger electron-phonon coupling which accounts for the measured photoluminescence
linewidth. Grey dots are measured at Γ and fitted with a gaussian pulse for determination
of t0.
excitation as compared to the detuned cases in accordance to the corresponding delay of
the polarization dynamics. We find again an excellent agreement between experiment (dots)
and microscopic theory (solid lines).
Conclusion
We have directly imaged the formation of dark excitons in monolayer WS2 in momentum
space by time-resolved momentum microscopy. High temporal resolution and disentangle-
ment of excitation and dark exciton formation allowed us to follow the formation process in
detail and compare it to a fully microscopic theory, including exciton-phonon and exciton-
photon interactions. We observe that dark excitons with electrons at Σ and holes at K
are forming within few tens of femtoseconds after optical excitation through exciton-phonon






















Figure 5: Exciton formation dynamics with varying excitation energies. (a) Time evolution
of electron occupation at K for three different excitation energies. The upper panel is taken
with a pump photon energy, which is 100 meV above the 1s A exciton resonance (2.14 eV),
in the central panel the excitation energy lies within the resonance (2.0 eV) and the lower
panel is obtained with lower excitation energy (1.94 eV). (b) Time evolution of the electron
occupation at Σ with the same pump photon energies than in (a). Data points correspond
to experimental data, solid lines are theoretical calculations.
depends on the excitation energy, which we could show by slightly detuning the pump pulses
from resonant excitation. As a consequence, the formation of dark excitons is delayed in the
case of resonant excitation in perfect agreement with our theoretical calculations.
Our study clearly shows the potential of time-resolved photoemission experiments to gain
a microscopic understanding of exciton formation and charge transfer processes in TMDCs,
even on time scales faster than the temporal width of laser pulses used in experiment.
This holds great promise for exploring the rich excitonic landscape in TMDC heterostruc-
tures and answering unresolved questions regarding charge transfer across interfaces, where
momentum-forbidden states play a major role.
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Naturally oxidized p-doped Si wafers were cleaned ultrasonic in water and subsequently in iso-
propanol. Monolayer WS2 was exfoliated from bulk crystals (HQ Graphene) onto polydimethyl-
siloxane PDMS films (Gel-Pak, Gel-film X4) using blue Nitto tapes (Nitto Denko, SPV 224P),
and subsequently transferred onto the Si wafer with a dry-transfer technique [1]. The sample
used in this experiment is schematically shown in the main text in Figure 1d. Samples were
introduced into an UHV preparation chamber with base pressure of 2 × 10−10 mbar and an-
nealed up to 620 °C in order to remove surface contaminants. This process led to reproducible
clean samples, which showed no signs of charging during the experiment.
2 Experimental setup
All time-resolved experiments have been carried out with a Ti:sapphire regenerative amplifier,
operated at 200 kHz, that delivers 800 nm laser pulses with 40 fs duration and 8 µJ pulse
energy. The beam is split 70% : 30% into a pump and a probe branch. The pulses in the
pump branch are frequency converted in an optical parametric amplifier (OPA), which allows
tuning between 500 nm (2.3 eV) and 640 nm (1.94 eV) with a pulse duration of between 40 fs
and 50 fs. The pulses in the probe branch are further amplified by a two-pass amplifier and
frequency doubled to 400 nm with a pulse duration of 60 fs and pulse energy of 2.5 µJ. High-
harmonic generation is based on a setup described in detail in [2]. Laser pulses are tightly
focused by a 60 mm achromatic lens into a supersonic Krypton jet. High-harmonic generation
at these conditions leads to an almost isolated 7th harmonic (57 nm, 21.7 eV photon energy [3])
with high conversion efficiency. Collimation and refocusing of the harmonics onto the sample is
achieved by two spherical multilayer mirrors which further suppress neighbouring harmonics.
The pump pulses are characterised by a spectrometer and an autocorrelator. They are delayed
with respect to the HHG pulses by a linear delay stage and focused by a f = 500 mm mirror
placed outside the vacuum chamber. Inside the vacuum chamber they are redirected by a D-
shaped mirror to be almost collinear with the HHG beam. The beam diameter at the sample
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position is around 100 µm x 300 µm, which leads to fluences on the sample surface of around
50 µJ/cm2. Both pulses are p-polarized and incident under 70° with respect to the surface
normal.
During the measurement, the HHG mirror chamber is separated from the analyser chamber
by a 100 nm thin Al-filter which blocks the residual 400 nm beam and prevents contamination
of the sample. The vacuum in the analyser chamber is better than 2 × 10−10 mbar. Marginal
image distortions are corrected by an image symmetrization algorithm [4]. We measure the
photoelectron intensity I on the detector and the time of flight of the electrons as well as the
position of impact for each pump-probe delay time tp, such that we obtain a four-dimensional
data set I(E, kx, ky, tp), after converting the kinetic energy Ekin to the binding energy E and
the position to parallel momenta. The time resolution of our detector is 200 ps, which results
in an energy resolution of the momentum microscope of better than 50 meV. The momentum
magnification was chosen such that the first Brillouin zone is imaged onto the detector with a
momentum resolution better than 0.01 Å−1. Low energy electrons are suppressed by applying
a retarding field inside the electro-optical system. With this suppression, we obtain sharp
momentum images in a range of ±2.5 eV around EF, sufficient for a simultaneous measurement
of valence and conduction band.
Real-space PEEM images were obtained with a high-power Ti:sapphire oscillator (80 MHz, 4 W
average power), operated at 772 nm. The laser pulses were frequency-tripled to obtain photon
energies of 4.82 eV. The contrast between substrate and WS2 in the PEEM image is obtained
by the difference in the part of the density of states that can be accessed by our light source.
While the work function of p-doped Silicon is slightly higher (≈ 5 eV) than the photon energy,
the carrier concentration close to EF is high enough that the thermal broadened distribution
yields a strong signal. On the other hand, the work function of WS2 is around 4.6 eV, but
accessible valence band states lie more than 1.5 eV below EF . Therefore, only few in-gap states




In order to describe the ultra-fast dark exciton formation, we follow a fully quantum-mechanical
approach based on second quantization in the density matrix formalism [5]. The Hamilton
operator describing the system includes electron-electron, electron-phonon, and electron-light
interactions. Since TMD monolayers are dominated by excitons, it is advantageous to use an
excitonic basis given by the Wannier equation, with the electron-hole interaction being described
by a thin-film potential [6, 7]. The Wannier equation provides access to the wavefunctions
φνk and binding energies E
ν describing the excitonic landscape, formed by momentum bright
(KK) and dark (KΣ, KK’) excitons in the case of WS2. These states consist of a hole at
the K valley and an electron at the K, Σ or K’ valleys. We transform the Hamilton operator
using the excitonic basis and introduce excitonic annihilation (creation) operators X
ν(†)
Q to
describe exciton-light and exciton-phonon interactions [8]. Here Q and ν are the center-of-mass
momentum and the relative-motion quantized state of the exciton. Introducing the excitonic
Hamiltonian in Heisenberg’s equation allows us to model the energy- and momentum-resolved
exciton dynamics, obtaining equations of motion for the coherent P ν = 〈Xν†0 〉 and incoherent


























Here we have introduced the exciton resonance energy Eν0 , the radiative dephasing γ
ν
rad, and the
Rabi frequency Ων . The exciton-phonon scattering matrices ΓνµQQ′ result from the second order
Born-Markov approximation. The equations above describe the optical excitation of coherent
excitons with Q = 0 at the KK valley, followed by a phonon-induced transfer into the incoherent
population. Incoherent excitons then thermalize to the energetically lowest states, i.e. KΣ and
KK’, which lie 39 and 55 meV below the KK state according to our model.
As we mentioned before, it is sufficient to describe the dynamics of excitons with one spin
configuration. In this sense, the electron occupation at the K valley can be extracted in our
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model from KK and KK’ excitons, since the dynamics of KK’ and K’K excitons is exactly
equal. On the other hand, the electron occupation at Σ arises from KΣ excitons. Introducing
a unity operator [8] allows us to express the electron occupation at the valley v and momentum
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where νv are the relevant excitonic states and αe = me/(me + mh). Note that we can
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We model the electronic band structure in an effective-mass approximation with input param-
eters (effective masses and valley offsets) from density functional theory [10]. The parallel and
perpendicular dielectric constants and the thickness of WS2 are taken from Ref. [11]. Finally,
the parameters determining exciton-phonon scattering (deformation potentials and phonon en-
ergies) are obtained from ab-initio calculations in Ref. [12].
4 Fluence dependent measurements
Fluence-dependent measurements. An obvious question regards the influence of many-body
effects on the observed dynamics, when working at excitation densities close to the Mott tran-
sition. In all data shown in the main text, we apply pump fluences around 50 µJ/cm2. In
the case of resonant excitation, we estimate the absorbance around 12%, which results in an
exciton density of approximately 1.0×1013 /cm2. To exclude any influence of electronic effects,
we performed measurements at lower fluences. In Fig. S1 we show the temporal evolution of
the photoelectron signal in the unoccupied states at K and Σ for three pump fluences. We
observe no change in the time evolution of either signal for significantly lower fluences which
correspond to exciton densities down to 2.5× 1012 /cm2.
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Figure S1: Time evolution of the measured electron intensity at K and Σ for three fluences at
resonant excitation (Epump = 2.04 eV).
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5 Photoluminescence measurements
Photoluminescence spectrum of monolayer WS2 with excitation energy of 2.8 eV. To determine
the energetic position of the 1s A exciton (golden line) and the trion (gray line), we fit the
PL spectrum with two overlaying Voigt profiles. We retrieve energetic positions of 2.0 eV and
1.97 eV respectively. The width of the Gaussian contribution is determined by the resolution
of the used spectrometer and is therefore set to 5 meV. The resulting width of the of the
Lorentzian profiles accounts to wexcitonL =39 meV and w
trion
L =54 meV.
























Figure S2: Photoluminescence spectrum of monolayer WS2 taken with an excitation energy of
2.8 eV. Black circles show the experimental PL spectrum. The data is fitted with two Voigt
profiles to determine the energetic position of the exciton (golden line) and the trion (grey line).
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6 K electron dynamics
In Figure S3 we show the dynamics of K electrons for an excitation resonant to the 1s state
(2 eV). Here, we disentangle the contributions from KK and K’K excitons. Since the optical
excitation occurs at K, KK excitons are generated first. Then, KK excitons scatter to the
energetically lower KK’ and KΣ valleys. Although the transfer to KK’ should result in a loss
of the electron population at K, the symmetric process K’K’→ K’K maintains the population.
Thus, the only population loss occurs because of transfer to the Σ valley, which is manifested
as a slight decay of the K electron population in the blue curve in Figure S3.



















Figure S3: Theoretical calculations of the time evolution of the electrons at K for resonant
excitation.
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7 Longer delay times
In Figure S4 we show the dynamics of electrons from K and Σ for an excitation resonant to the
1s state (2 eV). Here, we extended the usual range of delay times to more than 1 ps. Within
this timescale the relative intensity from this two high-symmetry points does not change.














Figure S4: Time evolution of the measured electron intensity at K and Σ for delay times of
more than 1 ps.
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[2] Heyl, C. M.; Güdde, J.; L’Huillier, A.; Höfer, U. High-Order Harmonic Generation with µJ
Laser Pulses at High Repetition Rates. J. Phys. B-At. Mol. Opt. Phys. 2012, 45, 074020.
[3] Wang, H.; Xu, Y.; Ulonska, S.; Robinson, J. S.; Ranitovic, P.; Kaindl, R. A. Bright High-
Repetition-Rate Source of Narrowband Extreme-Ultraviolet Harmonics Beyond 22 eV.
Nat. Commun. 2015, 6, 7459.
[4] Xian, R. P.; Rettig, L.; Ernstorfer, R. Symmetry-Guided Nonrigid Registration: The
Case for Distortion Correction in Multidimensional Photoemission Spectroscopy. Ultra-
microscopy 2019, 202, 133–39.
[5] Kira, M.; Koch, S. W. Many-Body Correlations and Excitonic Effects in Semiconductor
Spectroscopy. Prog. Quant. Electron. 2006, 30, 155–296.
[6] Keldysh, L. V. Coulomb Interaction in Thin Semiconductor and Semimetal Films. JETP
Lett. 1979, 29, 658–61.
[7] Rytova, N. S. The Screened Potential of a Point Charge in a Thin Film. Mosc. Univ. Phys.
Bull. 1967, 3, 18.
[8] Katsch, F.; Selig, M.; Carmele, A.; Knorr, A. Theory of Exciton-Exciton Interactions in
Monolayer Transition Metal Dichalcogenides. Phys. Status Solidi B 2018, 255, 1800185.
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